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CHAPTER 1. INTRODUCTION 
Preliminary Remarks 
The record for the highest superconducting transition temperature 
has remained with the A-15 family ever since it was first discovered 
that a compound with this structure was a superconductor (1). The 
first materials discovered with high transition temperatures (T^) were 
VgSi and Nb^Sn, by Muller (2), Hardy and Hulm (3,4) and Matthias et £1_. (5) 
in the early 1950s. Subsequently, more than a thousand papers have been 
published on these two materials (2). Currently, Nb^Ge has the highest 
T^ (23K). The higher the transition temperature, the more possible 
commercial superconducting devices become. This explains much of the 
interest associated with this class of materials. 
Optical Properties 
The optical properties of a cubic material can be characterized by 
a frequency-dependent complex dielectric function. In this thesis, two 
experiments are reported. The first is used to obtain knowledge of the 
complex dielectric function, S, and the second, to determine the change, 
Aê, in the complex dielectric function caused by a small (I-IOK) tempera­
ture change. The purpose of the experiments is given later in this 
chapter after a presentation of some background information. In the 
following paragraphs, the relationships between measured quantities, i.e., 
the reflectance, R and the differential reflectance, AR/R and the static 
and differential complex dielectric constant, and a quantity calculated 
from a microscopic view, the joint density of states, are discussed. 
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The first experiment measures, as a function of the photon energy, 
the absorptance (A = 1 - R) at normal incidence. This measurement also 
determines the normal incidence reflectance. The dielectric function 
can be found experimentally via a Kramers-Kronig (K-K) analysis of the 
spectral dependence of a measurable quantity, such as the reflectance 
at normal incidence. The K-K analysis (6,7) uses causality to relate 
one optical quantity to another, in this case, the reflectance to the 
electric field phase change upon reflection. Once the reflectance 
spectrum and the phase change spectrum are known, the complex dielec­
tric function spectrum is also known. 
Maxwell's equations are: 
curl H = 4tt J/c + /c (1.1) 
curl E = - Y (T'Z) 
div B = 0 (1.3) 
div E = 4Trp . (1.4) 
We assume the magnetization to be zero and employ 
D = e E (1.5) 
J = a E (1.6) 
B = H (1.7) 
with the radiation having a time dependence 
E = EQ exp(-iwt) , (1.8) 
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to simplify (1.1) to 
curl fi = . (1.9) C OL V C V C W 
The conductivity a and permittivity e are related to the complex 
dielectric function by the equation 
G + i = e = e, + i £« . (1.10) 
w i c 
Ê determines phase velocities, electric fields and other quantities in 
the media. The normal-incidence reflectance, R, is related to the com­
plex reflectivity, f, by 
R = r P* (1.11) 
where 
r = r exp(ie) , (1.12) 
e being the phase shift upon reflection at the boundary between the 
media under study and a vacuum. When boundary conditions are applied 
to Maxwell's equations, Fresnel's relations (8) are obtained which 
relate f to è, or in a simpler way, to the complex refractive index, N. 
Using N, 
N = n+iK = = /e^ + i Eg (1.13) 
we simplify relations between the complex reflectivity, r, 
r = (1.14) 
N + 1 
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and the complex dielectric constant from Eq. (1.13) 
c = El + i Eg = . (1.15) 
Having obtained the reflectance experimentally, the frequency-
dependent phase change, 8(w), is determined by numerical integration 
(9,10), using the K-K relation (6,7) 
e(.) = p r = J- p [" à 1n R(.') 
T T  ' D  f f i i  —  m '  )  2 T T  ' 0  d u '  
03+0) ' 
OJ -U 
dw' 
TT ^0 (w - 0)' ) Zir 
(1.16) 
which is different from the more common relation (11) as a result of 
integration by parts. Reflectance measurements are made over a finite 
energy (41w) range, so low- and high-energy reflectance extrapolations 
are needed. Low-energy absorption in metals is predominantly intraband 
absorption. For intraband absorption to occur, the wavevector of the 
electron must change, which inplies that scattering mechanisms must 
exist. For example, in direct transitions, the wavevector must obey 
the equation 
t = t' + ic + 6 , 
states that the crystal momentum must be conserved, modulo a reciprocal 
lattice vector Otherwise, the matrix element (see later) between 
the initial valence band state li|»yk'> and the final conduction band 
state is zero. Restricting our states to the first Brillouin 
zone, so G = 0, and applying the dipole approximation (12) where the 
wavevector of the radiation is much smaller than that of the electron 
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state simplifies the conservation rule to 
t = K' . (1.18) 
Thus for intraband absorption (with the necessary, but not sufficient, 
condition, K f K') an electron scattering mechanism must exist for the 
K conservation since K cannot equal K' within one band if E{K) ^ E(K'). 
Such mechanisms include scattering from phonons, the surface, impurities 
and crystal imperfections. The model used to compute the low-energy 
reflectance extrapolation is the Drude free-electron model, employing 
an effective collision frequency, (t)~\ from random collisions due to 
any mechanisms presumed to be the scattering mechanism limiting the 
static conductivity. The complex dielectric function calculated from 
this model (in the presence of a temporally-periodic electric field) is 
(13) 
where 
w_ 
2 4nNe2 (1 .20)  p m 
with u)p, the plasma frequency and N the free-electron density. One 
procedure used for the extrapolation involves calculating from the 
valence electron count and the lattice parameter and deducing (t)~^ by 
matching the extrapolation with the data. For metals containing d-band 
electrons, weak, low-energy interband transitions can change the contour 
of the reflectance curve, introducing a change of slope when fitted to 
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the extrapolation. An alternative extrapolation treats as an adjust­
able parameter, called an effective plasma frequency. This parameter 
has a physical meaning in some cases (14) but is strictly a parameter for 
our extrapolation. Changes seen in the dielectric function when the two 
different extrapolations were used were less than 10% at 0.3 eV and less 
than 2% at 0.4 eV for the extrapolation extending from 0.0 eV to 0.18 
eV. The high energy extrapolation, used above 30.0 eV to 9999.0 eV, was 
a power law, R = E'®(with B = 3.75) and had little effect on the dielec­
tric function in the optical range. 
The imaginary part of the complex dielectric function will now be 
derived from a microscopic view. From quantum mechanics, a system of N 
electrons has a kinetic energy of 
N p/ 
"Free = IST ' 
which must be replaced when in the presence of an electromagnetic field 
05) by 
N r 1 / eA(f.,t) / -1 
"int = JiLâiïiPi"' E ) J ' (1-22) 
where A is the vector potential of the radiation. The gauge choice is 
the Coulomb gauge. Considering only linear terms, the interaction 
Hamiltonian, which can be treated as a time-dependent perturbation on 
the electronic states of the crystal, becomes 
N 
^er ^ 2mc ^ [A(rj,t) * p^ + p^ 'A(r\,t)] . (1.23) 
p=l 
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Using Fermi's Golden Rule (16) with 
A(f,t) = e exp i(lc.f - ut) + c.c. (1.24) 
as the vector potential of the radiation and e the polarization vector 
of the electric field we find the transition probability per unit time 
from the valence band to the conduction band to be (12) 
In this discussion we note that only direct transitions are possible. 
Obtaining the transition rate per unit volume of K-space implies 
integration of Eq. (1.25) over the first Brill ouin zone. Assuming con­
stant matrix elements |M| over the Brillouin zone we find this rate to 
be 
where or joint density of states (JDOS), is defined as the 
density of pairs of states, one state occupied and one not, which are 
separated in energy byfTto, both at the same K. 
(1.25) 
alternatively, we can write 
8 
Using the average energy density u in the medium 
STT 2 TTC 
and the absorption coefficient u(w), defined as the energy absorbed per 
unit time per unit volume, divided by the product of the average energy 
density with a propagation velocity c/n, yields 
Relating p(w) to cgfw), 
y(u) = (1.30) 
allows us to link egfw)» the imaginary part of the complex dielectric 
function, to band structure calculations through 
E,(») = |M|2 J (4B) . (1.31) 
m 0) 
It must be noted, however, that by assuming |M| is constant, 
symmetry selection rules have not been taken into account. They are 
discussed in the Appendix. 
The second part of these studies involves modulation spectroscopy. 
Modulation techniques (e.g., modulation of the sample temperature, or 
applying a perturbing electric field, etc.) have the advantage of 
enhancing certain features of the JDOS which yield information about 
the geometry of the band structure. In our case, the samples are 
thermally modulated and the relative change in the reflectivity, ûR/R, 
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brought about by the temperature change, is measured as a function of 
photon energy. 
When the temperature of a metal is varied, the most significant 
optical effects in the energy range of interest are changes in the Fermi 
distribution function (which must be included in the JDOS), changes in 
scattering due to increased phonon population, and changes due to 
shifting or warping of the energy bands brought about the thermal expan­
sion (17). A phenomenological model exists, predicting line shapes for 
Ae-j and Acg (the real and imaginary parts of the differential dielec­
tric function induced by temperature changes) for critical points not 
involving the Fermi-surface (18). The concept of a critical point 
arises from rewriting Eq. (1.27) in the following form. 
JDOS = J^^(iTw) = -
ir S(E) IvCE^CK) - E„(K)| 
(1.32) 
a surface integral over constant energy contours S(E) between E^(K) and 
Ey(K). Critical points are singularities of the integral of Eq. (1.32). 
These can occur at symmetry points if 7E^(K) = 7E^(K) = 0, or along 
sections in the Brillouin zone where the conduction and valence bands 
are parallel so vE^(K) = vEy(K) f 0. These critical points are 
described by a Taylor series expansion of E^(K) - E^(K). 
Structure in ûè due to Fermi-surface transitions must be handled 
differently. One way (19) is to vary the Fermi level in the JDOS 
calculation in a way simulating qualitatively the Fermi function change 
induced by modulating the temperature. This effectively gives us a 
AJDOS due to a temperature change through the Fermi function. 
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There is also a Drude contribution to Ae that becomes significant 
in metals for low photon energy, arising from the temperature dependence 
of T. 
Experimentally, AÈ is obtained from AR/R spectra in much the same 
way that è was obtained from R measurements. In relating AR/R to AÊ 
we must first calculate Ae using the differential form of the K-K 
relation (1.16) 
Ae [ ^  (4R/R)]ln W' + 03 
W' - (J du ' (1.33) 
% [ ln(l + AR/R)]ln 
0)' + OJ 
b) - w dw' (1.34) 
where 
and 
l n ( l  +  x )  %  X  f o r  X  «  1  (1.35) 
(1.36) |AR/R1 < 0.01 
Using the form (1.34) allows us to reuse an existing integration pro­
gram for e(io). Ae is a linear combination of AR/R and A9 (11), 
Ae = Ae^ + iAeg = f (e-j ,e2)AR/R + g(e^,e2)A8 (1.37) 
obtained by differentiating the Fresnel equations, with the functions f and 
9 (11), being algebraic functions of ^nd Eg* 
Thus, the two main tools which can be used to compare experimental 
Ae to the theory are line-shape analysis for critical-point identifica­
tion and AJDOS calculations (see later) for transitions involving the 
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Fermi-level. In our analysis, after future study of the problem, the 
latter method is used. 
Compounds in the A-15 Phase 
This section deals with several physical properties, the formation 
and crystal structure of A-15 compounds. These properties point to the 
importance of the density of states function evaluated at the Fermi-
level, N{0), when a high T^ material is desired. These properties 
include the resistivity, specific heat, paramagnetic susceptibility and 
elastic constants. All have behavior which can be explained by sharp 
structure in the density of states function at, or near, the Fermi level. 
There are over sixty compounds (1) which form in the cubic A-15 
(or Cr^Si) phase. The A-15 structure occurs, with some exceptions, 
near the A^B stoichiometric ratio. A atoms come from the group of 
transition metals, Ti, Zr, V, Nb, Ta, Cr and Mo, while the B atoms are 
more widely spread. These atoms are from the periodic groups IIIB, 
IVB, and the precious metals Os, Pt, Ir and Au. 
0^ is the space group (20,21) associated with the A-15 structure. 
This nonsynmorphic space group is the combination of the cubic group 
T^ and the nonprimitive translation, t, 
T = a/2 (i + j + k) . (1.38) 
The primitive unit cell has 8 atoms with the two B atoms located at the 
origin and at 1/2, 1/2, 1/2. The six A atoms are arranged in chains 
along the faces of the cell in the equivalent 100 directions and are 
located at 1/4 0 1/2, 1/2 1/4 0, 0 1/2 1/4, 3/4 0 1/2, 1/2 3/4 0, 
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and 0 1/2 3/4 (16). A diagram of the unit cell is given in Fig. 1. The 
Brillouin zone associated with this structure is cubic and is shown in 
Fig. 2. 
The importance of the density of states for a high T^ is evident 
when the theory of Bardeen, Cooper and Schrieffer (BCS) (22) is used to 
obtain T^; 
Tc = e exp[ ] , (1.39) 
with 0p, the Oebye temperature. V is the electron-phonon interaction 
parameter. 
The transition metal chains along the unit cell faces are important 
in the explanation of a high density of states near the Fermi level 
(1,23,24), which can explain not only the high transition temperatures 
but other electronic properties as well. If these chains are disturbed 
(e.g., by a B atom in an A atom position or by a vacancy) a lowering of 
T^ is observed (1). For example, T^ for V^Ga drops by about IK/atomic 
percent change in composition away from stoichiometry. One could 
argue that the lowering of T^ could be due to phonons, since a break in 
the chain would disturb the phonon spectrum and V, the electron-phonon 
interaction parameter, is also in the expression for T^. Specific heat 
measurements made on VgAu (1) to check this showed that no more than a 
5% change in T^ with long range ordering (LRO) can be attributed to a 
change in the phonon spectrum. On the other hand, there is good agree­
ment between T^ and the change in the electronic part of the specific 
heat with LRO. 
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DIAGRAM OF UNIT CELL 
A3 B Oh STRUCTURE 
(TWO FORMULA UNITS/CELL) 
Figure 1. Unit cell for the A-15 structure 
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Figure 2. Brilloun zone for the 0. space group 
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The electrical resistivity, p, of A-15 structured metals is 
anomalous at high temperatures (25). The residual resistivity, of 
NbgGe shows an inverse relationship with T^ 
N(0) <r 1/p^ , (1.40) 
with N(0) related to T^ through Eq. (1.39). A crude derivation of 
Eq. (1.40) has been given in Ref. 26. Also observed is a reduction 
in dp/dT as T^ decreases, which can be explained as a conseuqence of 
the PQ relation and the concept of saturation (27,28). A saturated 
resistivity is expected at high temperatures (26,27) whenever the mean 
free path of the electrons approaches the interatomic spacing, causing 
a breakdown of the classical Boltzmann theory. An empirical the 
saturation resistivity, handles this situation, where 
and is the phonon part of the resistivity. The small mean free path 
condition can be reached (27) for Nb^Ge. 
Experimental resistivity curves for Nb^Sn below 600K are fitted 
well with a density of states model which has sharp structure about the 
Fermi-level (25). This model also accounts for elastic constant and 
paramagnetic susceptibility data on Nb^Sn (25). Thus, sharp structure 
in the density of states at the Fermi-level appears to be an important 
part of the A-15 resistivity problem. 
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These materials form at, or near, the stoichiometric ratio, A^B, 
and exist in a range of compositions. The composition often includes 
AgB at high temperatures but falls off toward the A-rich side at lower 
temperatures such as room temperature (1). The stoichiometry of our 
samples is presented in Chapter 2. 
Another property of some A-15 compounds is that they undergo a 
shear transformation at temperatures T^ above T^ with a resultant 
tetragonal structure. This was first detected in V^Si by x-ray diffrac­
tion (1,29) with a maximum c/a ratio of 1.0025. 
In this section, we have shown the crystal structure and some 
properties of the A-15 compounds, along with the importance of the 
density of states function at the Fermi level in obtaining high T^ 
compounds. 
Optical History of A-15 Compounds 
Optical work on compounds in the A-15 phase has mainly been con­
fined to work in the infrared. From near i.r. data (ly to 10%), 
effective plasma frequencies (14) (which can reflect the density of 
states at the Fermi-level) and relaxation times can be extracted if the 
material in question has no interband absorption. In this energy 
range, the system is free electron or Drude-lîke. Far i.r. measure­
ments (1 meV to 100 meV) seem to be a more appropriate measurement for 
this purpose, but may result in frequency-dependent plasma frequencies 
and relaxation times. These can arise from the inclusion of a second-
order phonon scattering mechanism (Holstein process) (27,30,31) or 
impurity scattering (32). There also have been some reflectance 
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studies (33) made in the near i.r. to the near u.v. on several 
compounds, but in general, not much work has been done in this energy 
range. In addition, little thermomodulation work has been done (34) on 
these materials. 
Golovashkin et (35,36) obtained the optical parameters for 
polycrystalline Nb^Sn (0.1 eV to 1.2 eV) and for V^Ga (0.1 eV to 3.0 eV). 
They note for Ga that interband contributions appear between 0.4 eV 
and 3.0 eV with structure in the conductivity at 0.9 eV and 2.3 eV 
(although their analysis used the nearly free-electron model which does 
not account for d-band electrons). 
Benda et (33) made absorptivity (A = 1-R) measuranents at 4K 
on VgSi, VgGe, V^Pt and TigSb from 0.09 eV to 3.0 eV. The spectra for 
VgSi and V^Ge show an absorption peak at 0.7 eV and a maximum in the 
reflectivity at 1.1 eV which they attribute to some critical point in 
the band structure. V^Pt exhibits interband contributions throughout 
the entire energy range. Ti^Sb has no critical points and Benda et al. 
think that the rigid band model might shift the Fermi-level below the 
lower state involved in the V^Ge absorption peak. However, these 
measurements were made before any band structure calculations were 
available [23,24). 
Yao and Schnatterly (37) have made ellipsometric measurements on 
Au, Nb, NbgGe and V^Si at various temperatures {230K,300K, 450K and 600K) 
in the near i.r. (0.1 eV to 0.6 eV). Absorptivity spectra for Nb based 
on their dielectric constants (£^£2) and subsequently compared to 
calorimetric optical absorptance data of Weaver et al^. (38) do not agree 
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with Yao (39). The discrepancies could arise from the fact that 
ellipsometry is more sensitive to surface contamination (38). The purpose 
of their work and that of TUtto ^ (40) was to obtain (the super­
conducting coupling constant) in two ways (as suggested by Hopfield (41)) 
and compute the superconducting transition temperature of these materials 
(through the use of the McMillan formula). The first way to obtain 
is from the temperature dependence of l/x 
The second way combines the plasma frequency, obtained from the i.r. 
measurements, with the high temperature (above the Debye temperature) 
dependence of the resistivity (37) 
-fTo)? 9p 
^ . (1.43) 
8?kg 3T 
These are not completely independent measurements, since the plasma 
frequency used is from their optical measurements. WP and 1/T are 
obtained from the i.r. data by plots of various combinations of e-j, cg 
and w which are assumed to have a Drude dependence. 
C, = 1 - + (]/R)2]-L (1.44) 
WE, = ^ (1.45) 
T 
UP and 1/T were also given a quadratic TO dependence which is justified 
with the Holstein process. Thewhich they obtain for V^Si and 
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NbgGe are about 0.1, too small by a factor of ten to account for the 
high transition temperatures of these materials. Interband absorption 
and the saturation idea of the resistivity could account for these 
discrepancies, although their experimental plasma energies somewhat 
agree with the calculated results fo Mattheiss et (42). 
Pickett had a novel idea (32). He proposed a model (for Nb^Sn) 
which predicts that the sharp structure in the electronic density of 
states near the Fermi-level is reflected in a frequency dependent relaxa­
tion time. This model, used in the energy range 1 meV to 100 meV, 
assumes the conductivity to be Drude-like and 
1 = 1  +  ( w " l )  +  0 ( c o " ^ )  +  . . .  ,  ( 1 . 4 6 )  
justifying the expansion by saying most of the scattering at low w is 
due to impurities- Then, using a second-order Golden Rule calculation, 
he shows how (t)"^ is proportional to the impurity concentration, c^. 
Using this model, however, requires an additional frequency-dependent 
term to be included in the denominator of the conductivity in order to 
satisfy the f-sum rule. Various plots of different density of states 
at the Fermi-level are given with the resulting shape of l/t. A sharp 
spike "Mw below in the density of states is shown as a spike in l/x 
at E = "ilw. 
McKnight et al_. (43,44) performed some of the experiments sug­
gested by Pickett and Allen (32) and Allen (30). They made transmission 
o 
measurements on thin films (200 A) of V^Si at 1 9 K  in the energy range 
0.6 meV to 35 meV. The data were analyzed employing a Drude fit. 
20 
handling cOp and 1/t two different ways. The first way assumes and 
1/T to be constant and then fits these constants to the data. The 
second way allows and l/x to be frequency dependent according to 
Allen's formulism (30,31) which uses the Hoistein electron-phonon 
mechanism (27). The Allen formulism derives an integral representation 
for 1/t and"%^^, where the integral includes a^^F(co) (a weighted phonon 
density of states) and is given by 
«P - «p(l • (1.47) 
This second fitting procedure is done twice. The first assumes a 
constant and obtains F(w) from neutron scattering data (45,46). 
They then calculate 1/t:,-^^^ and to use in the Drude expression and 
compare this to the transmission data. Then they do the reverse. From 
the transmission data, an a^^Ffw) is determined which gives the best 
fit. 
When oip and 1/t  were assumed constant, the fit yielded a plasma 
frequency which was more than a factor of two less than those values 
obtained from near i.r. data (37) and calculated values (42,47). A 
better fit was obtained when frequency-dependent Wp and 1/t were used, 
derived from Allen's formalism with an experimental phonon spectrum 
(45,46). When fitting in the other direction, the a^^^FCu) function was 
forced to resemble the experimental phonon spectra by fixing the high 
energy peak at the same energy and allowing the lower energy peak to 
vary in position and height. It was determined that an additional low 
energy peak (an enhancement in a^^) was needed for the fit. This 
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implied structure in since F(w) is supposed to "soften" at low 
energies for high quality (high T^) films (44). The t^'s obtained from 
the-^j.r from the known F(w) spectra were 12K while those from the 
enhanced function were 15K, in good agreement with the actual of 
the film (15K to 5K). As a further check of the mechanism, transition 
temperatures were calculated based on room temperature F(w) data (with 
no low-energy enhancement of which is supposed to model low tem­
perature F(u>) for nonoptimally prepared samples. These T^'s were found 
to be around 2K in agreement with the actual T^'s. It is therefore 
possible, with Allen's formalism, to predict accurately transition tem­
peratures for these materials with optical data in the far i.r. 
Thermomodulation work has been limited on these materials but 
Golovashkin (34) has studied Nb^Sn at room temperature from 1.0 eV to 
3.0 eV. Stepping back a bit to say a word about this technique, we 
note that most thermomcdulation work has been done on semiconductors 
(11,18,48). Metals have been studied (17,18,34,48,49) but they have 
a complication not encountered in semiconductors. Metallic compounds 
can have Fermi-level effects complicating the spectra. In a material 
such as an A-15 compound, which can have a high density of states along 
with rapidly varying structure about the Fermi level, thermomodulation 
spectra can depend strongly on the ambient temperature. This is dif­
ferent from semiconductors in that changes in the data between two 
temperatures, e.g., 80K and 300K, are due mainly to some broadening 
and shifting of the structures arising from critical points (11,18). 
These do not appear as dramatic changes in the spectra. Also, due to 
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the complexity of the energy bands of the A-15 compounds (23,24), 
critical point identification may be difficult, but probing the density 
of states at the Fermi-level may prove to be possible. 
Summing up this section, we have explored some of the optical 
history of several A-15 compounds. We have found that much work has 
been done in the i.r. with the goal of measuring the density of states 
at the Fermi level and the determination of an optical to predict 
T^. Not much interband work had been done, and only one or two modulation 
studies (.the latter of which could prove to be a probe in the density 
of states at the Fermi level). The far i.r, work of McKnight (43,44) 
has seemed to resolve the question with an accurate prediction of 
for VgSi using Allen's (30,31) formulation of the Holstein process 
(28). 
Purpose 
The purpose of this work was to investigate the optical properties 
of several high T^ compounds in the form of sputtered films. The 
measurements are used toward this end; optical absorptance (using a 
calorimetric technique near 4.2K), which yields (after Kramers-Kronig 
analysis) the complex dielectric function, and thermoreflectance (which 
measures the change in reflectance in the optical range when a 1-lOK 
temperature wave is applied), performed at two ambient temperatures 
(80K and 300K), yielding the differential dielectric function. The 
sputtered films included Nb^Ge, Nb^Al, V^Ga and Nbglr. It is noted 
that Nbglr is not a high T^ superconductor. The thermoreflectance 
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on the bulk samples V^Si, V^Ge and single crystal Cr^Si were not performed 
because the samples were not in the form of thin films. 
The thermomodulation studies are correlated with the absorptance 
measurements in comparison to band structure calculations (23,24). When 
thermomodulation studies are performed on semiconductors (11,18), these 
studies yield information about critical points, but studies on metals 
(17) indicate that Fermi-level transitions become important. It is 
thought that A-15 structured compounds, which have a high density of 
electron states around the Fermi level, will produce spectra due to this 
high density of states. 
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CHAPTER 2. EXPERIMENTAL METHOD 
Sample Preparation 
The topics discussed in this chapter include sample preparation, 
characterization, and the experimental method used in the optical 
absorptance and thermomodulation experiments. 
The sputtered thin films of Nb^Ge, Nb^Al, Nbglr and V^Ga were used 
in both the optical absorptance and thermomodulation experiments. 
Single crystal Cr^Si and the polycrystalline bulk samples of V^Si and 
VgGe were used only in the optical absorptance experiments. 
The sputtered thin films were fabricated by J. W. Osmun, using the 
getter sputtering technique (50). In this technique, the compounds are 
sputtered onto heated (600°C to 850°C) sapphire substrates (5.0 mm x 
12.5 mm x 0.5 mm) several thousand Angstroms to one micron thick. These 
films have a surface roughness of hundreds of Angstroms, which is the 
same size as the roughness of the substrate. This roughness is seen in 
scanning electron microscope pictures and also in nonspecular reflection 
above energies equal to 6.0 eV. 
Characterizations of the samples are given in Table 1. A coirmer-
cial, optically flat sapphire substrate was used as a substrate for a 
thin film of Nb^Ge to determine if the roughness was due to the substrate, 
Nonspecular reflection was reduced more than a factor of two with the 
use of this substrate. 
Characterizations of the samples are given in Table 1. The transi­
tion temperatures of these compounds indicate the dominance of the A-15 
Table 1. Characterizations of the sputtered thin films 
NbgGe NbgAl Nbglr VaGa 
Transition temperature Tc 
Resistivity Ratios R300/R20 
Stoichiometry from electron 
microprobe 
Auger analysis 
Transition temperature 
onset width 
X-ray 
18.4K 
1.5 
3.67 + .11 
2.3% C 
5.6% 0 
I.IK 
A-15 lines 
only 
16.7K 
1 . 2  
2 .00  +  . 16  
1.6% C 
1.2% 0 
0.9K 
3.42 + .06 
2.3% C 
5.6% 0 
14.6K 
2 . 8  
4.SB + .07 
3.1% C 
< 3.0% 0 
O.IK 
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phase, with the maximum of Nb^Ge, Nb^Al, V^Ga and Nb^Ir being, 
respectively, 23K, 18.9K, 15.4K and 1.8K (1). The characterizations of 
these compounds are typical (e.g., for Nb^Ge see Ref. 51). The numbers 
obtained for the stoichiometry are from electron microprobe measurements 
which sample depths of one micron, which is marginally the depth of the 
samples. Evidence for substrate sampling (AlgOg) is contained in the 
high A1 content in the NbgAl sample. 
The single crystal Cr^Si and bulk samples of V^Ge and V^Si were 
obtained from John Weaver (Physical Sciences Laboratory, University of 
Wisconsin-Madison, Wisconsin). No characterizations are given for these 
samples. 
The optical absorptance is measured using a calorimetric technique 
described by Bos (52). This technique measures the power absorbed and 
reflected when normally-incident radiation impinges on the sample. 
This measurement is done by matching the temperature rise produced by 
the incident light in the sample and in the absorber with a measured 
amount of electrical power. Knowledge of the power absorbed by the 
abosrber and by the sample as a function of photon energy, implies 
knowledge of the optical absorptance, 
A = Kr-j- (2.1) 
(' + 'a/'S' 
where I^^Ig) is the current used to heat the absorber (sample), the 
heater resistances being equal. 
Experimental details of this technique begin with the radiation 
(three sources; a globar, W-Iodine lamp, and a Hg arc discharge lamp) 
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passing through a Leiss double prism monochrometor. The light is then 
directed through a mirror box to the sample, as diagrammed in Fig, 3. 
The sample chamber is bathed in liquid helium and the sample temperature 
is near 4.2K. A more detailed view of the experimental chamber is given 
in Fig. 4. Incident radiation on the sample is partly absorbed, con­
sequently heating the sample and partly reflected to a gold black 
absorber (52,53). Scattered light is minimized by several gold-black 
coated light shields. The gold-black absorber, when made correctly 
(52,53), absorbs more than 99% of the light incident upon it over the 
entire energy range. 
The temperatures of the sample and of the absorber are monitored 
by 47 ohm Bradley thermometer resistors which have large temperature 
coefficients. Temperature increases, due to the absorbed radiation, 
which are typically in the millidegrees range are then reproduced, with 
the light blocked off, by passing current through matched 1000 ohm metal 
film heater resistors. The heater and thermometer resistors are mounted 
next to each other and attached thermally to copper blocks. One block 
is attached to the gold-black absorber and the other to the sample. 
These blocks are thermally isolated from the apparatus with copper leads 
serving as heat leaks. The lengths and diameters of these leads were 
such that acceptable thermal time constants were obtained for the 
measurements. 
The calorimetric technique is quite accurate. Accuracies of 1% or 
better (52,53,54) are obtained for the absorptivity. The quality of 
the gold-black evaporator onto the absorber is quite important in the 
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measurements and the procedure used to make it is described by Bos (52) 
and Weaver (53). The gold black used in these measurements was checked 
in two ways. First, duplicate gold black was evaporated onto a copper 
substrate, subsequently measured as a sample with the absorptance being 
greater than 99% for the energy range (0.15 eV to 4.0 eV). Second, the 
evaporated gold-black absorber was used in making absorptivity measure­
ments on electropolished A1 and comparing to the data of Bos and 
Lynch (55). Agreement was found to be good. 
To check for reproducibility, absorptivity measurements were made 
on at least two samples of each sputtered film compound. In the case 
of NbgGe, six samples were used. Structures observed in the spectra of 
the NbgGe compounds were reproducible but several samples (which 
appeared darker) had differences (about 0.1 units in the optical 
absorptanee) in the magnitudes. 
Thermomodulation Experiment 
A diagram of the thermomodulation experiment is shown in Fig. 5. 
The experiment follows the technique used by Rosei and Lynch (17) and 
Weaver et £I_. (49). 
Light (from one of three sources; a 75-watt Xe arc, W-Iodine lamp, 
or a globar) is passed through a one-meter focal length Spex 1704 
grating monochromator arriving at the sample at normal incidence. The 
reflected light is then directed to a detector which is either an EMI 
6256B photomultiplier, a RCA 7102 photomultiplier, a cooled PbS photo-
conductor or a cooled PbSe photoconductor (used only in early measurements 
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in conjunction with a different monochromator). This reflected light 
contains a dc signal, s, and an ac signal, AS, due to the temperature 
modulation. If y{\) is the gain of the detector and I(x) is the inten­
sity of the radiation arriving at the detector, then the signals at the 
detector are 
s = RYI (2.2) 
AS = ARYI (2.3) 
and 
f-  = ^  .  (2.4)  
The spectral dependence of the system includes the spectral dependence 
of the lamp intensity, mirror reflections, etc. The s and AS signals 
are measured and subsequently divided, yielding AR/R. 
The s signal is detected by a lock-in amplifier (Ithaco Dynatrac 
model 391A). Its output voltage is converted to a frequency by a Vidar 
240 voltage to frequency converter, which is then integrated for at 
least 200 seconds, using a switching circuit to channel counts to two 
different bins, depending upon the sign of the output voltage, of a 
P.A.R. model 1112 photon counter. The dc signal, s, is given by the 
voltage across the photomultiplier load resistor. For the photoconductor, 
the light was chopped at 200 Hz and the subsequent signal was taken 
from a different lock-in amplifier (Keithley models 821, 822 and 823) 
tuned to 200 Hz. 
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The square wave modulation is initiated with a signal generator 
(Hewlett-Packard 202A) which triggers an amplifier (using a Hewlett-
Packard 467A power amplifier and a Hewlett-Packard 6427B power supply) 
to produce one to two watts of power at 7 Hz. The frequency and power 
levels were similar to those used on other metals (17,49). The tem­
perature wave has an amplitude between IK and lOK (17), but was not 
measured because of the difficulty of such a measurement (the addition 
of a thermocouple changes significantly the mass of the film) and its 
relative unimportance. For this experiment, it is important that the 
temperature of the two runs be separated by several hundred Kelvin and 
that the lower temperature be around lOOK. The ambient temperatures of 
the two runs were near 80K and 300K. 
The measurements of AR/R obtained were reproducible to several 
parts in 10*^ although the errors are energy dependent. As a check on 
the system, thermomodulation measurements were made on electron beam 
evaporated samples of A1 and Cr and conpared to spectra in the 
literature (17,49). After agreement was determined, measurements pro­
ceeded on the A-15 compounds. Early thermomodulation measurements on 
NbgGe (a Perkin-Elmer prism monochromator was used in these preliminary 
measurements) at 80K and 300K exhibited structure which was dependent 
on ambient temperature, and therefore suspect (a vertical dc shift in 
the spectra was suspected due to possible sample-substrate strain). 
Because of this, another test was performed. 
This test included evaporating A1 over a sputtered film of Nb^Ge 
and making AR/R measurements at BOK and 300K. The spectra seen for the 
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Al sample overlayer were the same as those in the literature (17) without 
any vertical dc shift. This implied that the signal was real. 
Other tests used in confirming the existence of the signal, AR/R, 
included taking AR/R measurements with the radiation on but the modula­
tion turned off and vice versa. In these situations, the AR/R spectra 
contained only noise. 
AR/R measurements on Nb^Ge were performed using the grating mono-
chromator with the spectra similar to the preliminary measurements. 
Finally, the measurements proceeded on the remaining A-15 structured 
samples, Nb^Al, Nbglr and V^Ga. 
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CHAPTER 3. RESULTS 
The purpose of this chapter is to present the optical absorptance 
and thermoreflectance data along with the results of the K-K analyses 
on them, as discussed in Chapter 1. Qualitative features are pointed 
out and discussed with no attempt at explanation. Comparison with band 
structure calculations are presented in the subsequent chapter. 
Optical Absorptivity Data 
The results of the optical absorptance measurements for the seven 
compounds studied are shown in Figs. 6 and 7. The niobium compounds 
(Fig. 6) appear metallic (that is, the absorptance tends toward zero 
as the photon energy goes to zero) and exhibit weak interband structure 
throughout the optical range. Also, all of these niobium compounds have 
roughly the same absorptance magnitude at any photon energy. 
Looking at Fig. 6, we see that the spectrum for Nb^Ge has broader 
structures than those for the other two compounds, structures located 
at 1.0 eV and about 1.6 eV. Structure in the data from Nb^Ir is a 
shoulder at 0.45 eV and a peak at 1.3 eV, while the Nb^Al spectrum has 
small shoulders at 0.45 eV, 0.75 eV and 2.0 eV. 
There are two general comments on the optical absorptance data for 
the vanadium and chromium compounds. First, the absorptance spectra 
for these compounds have similar shapes with "onsets" around 0.8 eV. 
Second, the absorptance is generally less in magnitude than that of the 
niobium compounds, particularly below the "onsets". A naive view Is 
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that there is more low-lying weak interband absorption for the niobium 
systems which have more d-electrons than vanadium. 
The spectrum of single crystal Cr^Si has the sharpest structure, 
with a peak in the absorptance at 0.85 eV and slight structure at 
2.2 eV. Spectra from sputtered films of V^Ga show a small peak at 
0.85 eV and low energy structure at 0.3 eV. Bulk samples of VgGe and 
VgSi had spectra which are in agreement with the structure at 0.75 eV 
by Benda et aQ_. (33). 
Figure 8 shows data from the literature (33,35,37) along with our 
VgGa and Nb^Ge data. It is noted that the data of Yao disagree with 
our data on B^Si and Nb^Ge and also the data on VgSi of Benda et 
(33). Since Yao and Schnatterly (37) used an ellipsometric technique 
which is surface sensitive (38), the discrepancies in the data could be 
accounted for by surface oxidation of their samples (7) which did occur. 
An attenpt was made to obtain the samples used by Yao and Schnatterly 
(37) but complete deterioration of the samples due to oxidation (57) 
foiled this attempt. 
Kramers-Kronig Analysis 
The optical absorptance data were K-K analyzed and the resultant 
conductivity spectra (defined in Chapter 1) are given in Figs. 9 and 10. 
Figure 9 shows the conductivities of the three niobium compounds. 
It is evident that there is interband absorption below 1.5 eV in all of 
these compounds. The conductivity plot of Nb^Al shows that there are 
two partially-resolved peaks at 0.55 eV and 0.95 eV. These two peaks 
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are in a region of much interband absorption. Nb^Ge has more distinct 
structure at 1.3 eV, 3.2 eV and below 0.6 eV. Small, broad peaks 
appear in the conductivity for Nbglr at 0.65 eV and 1.5 eV. 
Figure 10 shows plots of the conductivity for the vanadium and 
chromium compounds. These plots are similar (which is expected because 
of the similarity of the absorptance data) to all those compounds having 
a major peak between 1.0 eV and 1.5 eV. Also, the conductivities of 
these compounds contain weak structure above their main peaks, which 
occur at 1.45 eV for Cr^Si, 1.1 eV for VgGa and 1.0 eV for V^Ge and 
VgSi. Weak structure below 0.5 eV is also observed for these compounds. 
In summing up this section, we note that all seven of these 
materials exhibit metallic behavior at low energies, in addition to 
having weak interband absorption in the optical range. 
Thermomodulation Data 
The differential reflectance spectra of the four compounds: Nb^Ge, 
NbgAl, Nbglr and V^Ga, are given in Figs. 11, 12, 13 and 14. These 
measurements were made at 80K and 300K. 
Thermomodulation spectra of the niobium compounds are quite depend­
ent on the ambient temperature, with the degree of dependence greater 
for NbgGe and NbgAl than for Nb^Ir. On the other hand, the spectrum of 
VgGa does not change significantly with ambient temperature. The low 
energy peak (0.75 eV) broadens and shifts slightly to higher energy but 
does not have the drastic change exhibited in the niobium compounds. 
Peak signals for these compounds are in the low 10' range, with one to 
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two watts of modulating power applied. Also, the spectra observed in 
the niobium compounds have more structure than that of pure niobium (49). 
The VgGa spectrum, when compared to that of pure vanadium (49), has a 
similar low energy peak (0.75 eV) and zero crossings but is missing a 
higher energy peak (1.3 eV). 
At first glance, the spectra taken at two temperatures for Nb^Ge 
appear to be shifted but a shift cannot explain all of the structure. 
In particular, structure below 1.0 eV and the peak height decrease at 
2.3 eV could not be explained. The least temperature-affected peak is 
at 1.45 eV. An important observation on these spectra is that they are 
very different from any semiconductor spectra as the ambient temperature 
varies. This may indicate that the Fermi level plays an important role 
in the spectra. 
The spectra for NbgAl are quite dependent on the ambient temperature. 
The structure below 1.5 eV, at 80K, vanishes at the higher temperature. 
Structure above 2.0 eV is somewhat similar at the two temperatures, but 
is still ambient temperature dependent. The magnitudes of the signals 
are similar to those of the other niobium compounds with comparable 
modulating power. 
The spectra of Nbglr, which has a transition element in the B atom 
position, are affected the least by ambient temperature of the three 
niobium compounds. In going from 80K to 300K, the low energy negative 
peak (0.8 eV) is decreased while the peak at 2.5 eV is enhanced. 
However, the general shape of the spectra is preserved including a large 
negative peak at 1.35 eV. 
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Differential reflectance measurements on V^Ga do not show the 
drastic ambient temperature dependence as do those on the niobium com­
pounds. The ambient temperature dependence seen in V^Ga spectra was a 
slight shift to higher energy and some broadening of a peak (0.75 eV) 
with an increase in the ambient temperature. Signal magnitudes are 
also in the low 10" range. 
A few general consents are worth repeating after viewing the 
thermoref1ectance data. The main point is that the spectra for the 
niobium compounds depend considerably on the ambient temperature and 
this dependence is not observed in semiconductors or several other 
metals (11,18). It has been shown that Fermi-level transitions can 
contribute to the spectra in at least one metal (17). These compounds 
have a high density of states near the Fermi level (23,24), which may 
play an important role in explaining the spectra of these compounds. 
Differential Kramers-Kronig Analysis 
In this section, plots of and Acg are given, obtained*by a dif­
ferential K-K analysis of the thermoreflectance data, for four A-15 
compounds. As in the thermoreflectance data, structure in Ae^ and Acg 
is very dependent on the ambient temperature for the niobium compounds 
and is less so for V^Ga. Also, in most of the Asg spectra of these 
compounds, strong Drude behavior below 1.0 eV is absent, which is not 
the case in other metals (17). This indicates weak free-electron 
behavior, because the relaxation time is not very temperature dependent, 
and the presence of interband contributions. The free-electron 
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contribution is given by 
AAUJ„ + BAT 
P 
(3.1) 
where 
A (3.2) 
and 
B 
to(l + W^T^) (1 + (D^T^) 
(3.3) 
Figures 15 and 16 show plots of and Acg for Nb^Ge. Structures 
in the Acg plots are quite different for the two ambient temperatures, 
especially below 1.0 eV. The shape of Ae^ is not drastically changed 
upon a change in ambient temperature, but the magnitudes change. 
The differential optical constants for Nb^Al (shown in Figs. 17 and 
18) also show significant dependent on the ambient temperature. Major 
shape changes are exhibited in both Ae-j and 
In Figs. 19 and 20, the differential optical constants for Nb^Ir 
are shown. They are not as dependent on ambient temperature as those 
of other niobium compounds. For energies greater than 1.0 eV, structure 
in Ae-i and Acg changes little with arribient temperature. In Acg two 
peaks appear below 1.0 eV when the temperature is 200K, whereas at 80K, 
there is only one peak. 
Finally, we display Ae^ and Acg for V^Ga in Figs. 21 and 22. We 
notice only a slight dependence on ambient temperature appearing in 
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Figure 22. Ae2 spectra of VgGa obtained by a differential Kramers-Kronig 
analysis of thermoreflectance data. Little dependence on 
ambient temperature is observed 
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the form of a slight shifting and broadening of the structure below 
1.0 eV. 
In conclusion, we reiterate that the differential optical con­
stants of the niobium compounds are quite dependent on ambient tempera­
ture. The VgGa does not exhibit this type of temperature dependence. 
Also, we note that Acg for most of these compounds is negative below 
1.0 eV, indicating that interband contributions and smaller free-electron 
contributions play a role in this energy range. 
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CHAPTER 4. DISCUSSION 
Preliminary Remarks 
In this chapter, several band structure calculations (23,24,56) 
will be used to interpret the structure observed in the conductivity and 
in the differential optical constants. It will begin with a discussion 
of the band structures, including comments about some of the features of 
the calculations. In the subsequent section, these calculations will be 
used to help identify structure observed in the conductivity spectra. 
It is noted that the identification of structure is difficult for these 
compounds due to the concplexity of the bands. Following that, a func­
tion, AODOS (19), is discussed which is used to model qualitatively the 
effect of temperature on the joint density of states through the Fermi-
function's derivative with temperature (evaluated at two different 
ambient temperatures). This function is then compared to the experi­
mental AEg. Acg, it is remanbered, is proportional to the temperature 
derivative of the joint density of states, divided by the photon energy 
squared. From this model it is apparent that materials which have sharp 
structure in the DOS (which implies large values for the DOS) close to 
Ep (about several hundred Kelvins), will have significantly different 
AEg spectra when taken at different ambient temperatures. 
Band Structure Calculations 
Pickett et al. (23,56) have performed self-consistent pseudopoten-
tial calculations (SCP) on Nb^Ge, Nb^Al, Nb^Nb and Nbg* (the latter two 
compounds do not exist). The compounds Nb^Nb and Nb-* were chosen to 
study the effects of the B atom on the electronic structure. This SCP 
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method replaces the nucleus and core electrons by an effective potential 
and subsequently cannot be used to calculate core electron quantities. 
However, if treated consistently, the SCP method works well for band 
structure calculations (23). 
Eigenvalue convergence to 10 roeV and convergence of all the Fourier 
coefficients of the self-consistent potential to within 1 raeV were 
obtained by Pickett et (23). A fourier fit of 35 functions to 35 
points in k-space (in l/48th of the Brillou in zone, the irreducible 
Brillouin zone (IBZ)) was used to fit the bands. The resultant fit is 
exact at the 35 points and has an rms error of 26 meV at a general k 
point (2nk/s = (5,3,l)/8). 
In this paragraph we note the qualitative features of the calcula­
tions for NbgGefNbgAl). The DOS, density of states with Ep set equal to 
zero (Figure 23), exhibits a low energy peak at -8.3 eV (-5.6 eV) with 
a width of 1.3 eV (2.1 eV) due to the s-electrons from the B atom site. 
Above that peak, a gap is observed before a B atom p-electron and A 
atom d-electron complex. This extends from -4.0 eV to 5.0 eV (-3.0 eV 
to 4.5 eV). This complex is divided into two subcomplexes, some p-band, 
but mainly d-band bonding and antibonding states. These states are 
separated by a gap and become flatter (more d-like) as the top of each 
subcoraplex is approached. The Fermi level is located in a narrow peak 
for NbgAl (Figure 24) and for both near the top of the bonding subcom-
plex. X-ray photoemission (XPS) studies of Nb^Ge by Pollak (57) agree 
on the width of the p-d bonding complex (about 4.0 eV). 
The DOS for Nb2Nb(Nb2*) has no low energy peak associated with the 
B atom s-electrons because there are no B atom s-electrons, but it does 
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have a bonding-antibonding gap. The gap has more structure than the 
gap associated with the DOX of Nb^Al and Nb^Ge (Figure 23). The struc­
ture in the gap is attributed to states whose electrons are involved in 
the interchain to B atom d-d coupling (23,56). In Figure 24, we see that 
there is fine structure in the DOS about Ep but the DOS at Ep for these 
pure Nb compounds have lower magnitudes than in NbgGe and Nb^Al. 
In comparing the calculations for these four compounds, we see that 
the rigid band model does not apply. Naively, it appears that it might 
apply, since calculations for Nbg* show the existence of about 5 
unoccupied bonding bands while for NbgGefNbgAl) there are about 0.5 
(1.5). This concept has three shortcomings. First, it cannot explain 
the qualitative differences in the bonding region (Figure 23). Second, 
it expects the B atoms to add more bands from p-electrons below Ep, 
which would accommodate some electrons and invalidate the rigid band 
picture. Finally, the B atoms retain most of their s-electron character 
which would leave only 2 (4) electrons/unit cell to contribute to the 
Nb d-bands, short of the 7 (9) electrons/cell needed. 
Next, Pickett et al. (23) observe that, with the exception of the 
level in Nb^Ge, within 0.5 eV of Ep, eigenvalues of high symmetry 
points r, X, M and R do not match with the peaks in the DOS for NbgGe 
and NbgAl (Figures 24, 25, 26, 27). The DOS peaks located at -0.17 eV, 
-0.08 eV and 0.00 eV for Nb^Ge, reflect the presence of flat bands near 
R and M (along A and Z), emanating from R^ g to Mg. The flat band along 
T (R^ 2 to Mg) gives rise to the -0.08 eV peak. Pickett also states that 
the 0.1 eV peak arises from flat bands originating at along A, Z 
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Figure 24. DOS plots, effective plasma energy plots along with r.m.s. 
Fermi-velocity plots near the Fermi-level (Ep = 0.0 eV) for 
Nb^Ge, NbgAl, Nbg* and Nb^Nb done by Pickett et al. (23) 
64 
Energy (eV) Nb,Ge 
70 
60 
50 
—4 — 
- 19.20 
4.0^ 
16.17.16 
Z,Z, 
3,0 
2.0 L 
Figure 25. Electronic band structure of NbgGe by Pickett et al. (23). 
Circles represent calculated energies and curves are free 
hand drawings using compatability relations. Note the 
complication of bands especially near Ep 
65 
Nb,A! Energy (^) Nb^Ge 
TT—^5="^ 6.5 
60 
5.5 60 
50 
45 50 
«o Mg 
4.0 
35 4.0 
30 
2.5 3.0 
20 
2.0 
Figure 26. Electronic band structure calculations of NbgGe and NbgAl 
Pickett et al. (23) between the symmetry points R and M 
66 
neegy (eV) Nb^AI 
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and A (Figure 25). The large peak above Ep in the DOS for Nb^Al arises 
from bands connected to and Mg. These comments imply that optical 
transitions may arise from many parts of the Brillouin zone making the 
use of selection rules (see Appendix) less important. 
Also modeled (23) is the structural transformation of NbgGe by 
dimerizing one of the three Nb chains. From this model, an estimate of 
the energy shifts at R and M (about 0.1 eV) are given for Nb^Sn, a 
material which has this structural transformation (1). 
From charge density plots, Pickett et al. (55) find mainly metallic 
behavior (electrons spread throughout the unit cell) with some covalent 
bonding seen as charge build-up between Nb atoms in two humps along the 
Nb chains for NbgGe and Nb^Al. In Nbj* the bonding is less metallic 
and more covalent, in the form of inter- and intra-chain bonds. Nb^Nb 
has less intra-chain bonding and more charge build-up perpendicular to 
the chain in the form of chain to B atom bonding. Also, it is deter­
mined that states at and contribute charge perpendicular to 
the chains while states R^ g snd Mg have charge along the chains. This 
gives the physical reason for importance of the R^ g Mg points in 
the structural transition of some of these compounds. 
Klein et al. (24) have performed band structure calculations on 
NbgX and V^X (X = Si, Ga, Ge, Sn and Al) using a self-consistent APW 
(Augmented Plane Wave) approach including relativistic effects with no 
spin-orbit interaction. They calculated energy eigenvalues at 35 points 
in the IBZ and used a symmetrized Fourier fitting procedure to represent 
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the bands. Convergence was better than 1 mRy for the 35 points and 3 mRy 
for the general k point 2rk/ = (6/8, 4/8, 2/8). 
General features of the DOS function (Figures 28, 29) include a low 
energy peak around -9.5 eV (-6.2 eV) for NbgGefNb^Al). In general, for 
the rest of the compounds, this peak occurs at about 7.0 eV. This peak 
is also due to the B atom s-electrons, as in the work of Pickett et al. 
(23). Also, bonding and antibonding complexes are observed in an s-p-d 
complex with flat d-like bands dominating the energy region below Ep. 
A gap is seen above this bonding complex, followed by broad s-p bands 
and narrow A-atom antibonding d-bands. 
Structure at Ep in the DOS arises from states along Z and A for 
NbgAl. VgGa has a large peak in the DOS which is due to Z, A, A and 
the T^2 point (24). The DOS of NbgGe is more interesting, according to 
Klein et al. (24). There is no peak at Ep for the DOS of Nb^Ge, but 
peaks exist at 0.1 eV due to flat bands from 7^2 and at -0.19 eV again 
due to flat bands along A and Z directions. This is in partial agree­
ment with Pickett et al. (23) who say that the DOS has a peak at Ep but 
it also has the additional structure. 
Presented in Figures 30, 31 and 32 are the band structure calcula­
tions about the Fermi-level done by Klein et al. (24) on Nb^Ge, NbgAl, 
VgGa, VgGe and V^Si. The calculations of Klein were compared to the 
experimental conductivity curves (the calculations of Pickett et al. 
(23) are presented in Figures 25, 26, 27) for these compounds because of 
the wider range of compounds studied. Features and differences of both 
calculations (Pickett et (23) and Klein et al_- (24)) have been dis­
cussed earlier in Chapter 4. 
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Along with the band structure calculations in Figures 30, 31 and 32 
are the energies of possible interband transitions. These transitions 
are selection-rule allowed and between band pairs which are close to 
being parallel, without considering matrix element strengths. 
A general feature cf the bands is that the niobium compounds exhibit 
more low-energy transitions (below 1.0 eV) than the vanadium and chrmnium 
compounds. This is due to the Fermi-levels lying below the Point 
and below parts of the bands along û, A and z, freeing these bands as 
final states for the additional low-energy absorption. The band struc­
ture calculations for V^Si and V-Ge are very similar, with flat bands 
along T contributing to the absorption around and below 1.0 eV. This 
absorption along T in the calculation of V^Ga is slightly higher in 
energy (1.1 eV), which is consistent with the experimental conductivity 
curves (Figure 10). The niobium compounds, especially Nb^Al, exhibit 
more low-energy absorption in the conductivity (Figure 9). It arises 
from transitions along many symmetry lines (Z, M, z, A and S). After 
studying the. calculated band structures and the experimental conductivity 
curves, it is obvious that the transition identification is difficult, 
at best. It is also apparent that weak, low-energy interband absorp­
tion is present in the data and in the calculations, (more so for the 
niobium compounds than for the vsnadium and chromium compounds). 
Fermi-Transition Model 
In this section, an explanation is presented of how optical transi­
tions to and from the Fermi-level are modeled. A function which is a 
combination of several calculated JDOS (joint density of states) 
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evaluated when the Fermi-level = X (X = calculated Ep, Ep + 6 and Ep - 6) 
is used to model these transitions. The quantity 5 turns out to be 
related to the ambient temperature. The dependence of the JDOS on ambient 
temperature is obtained by varying 6. 
The AJDOS function is defined as: 
AJD0S(Ep,5) = [j JDOS{Ep + 5) + JDOS(Ep - 6 ) )  - JDOS(Ep)]/{na))^, (4.1) 
which models qualitatively the difference of JDOS at two different tempera­
tures separated by AT 
AJDOS(T,T + AT) = JDOS(T + AT) - JDOS(T). (4.2) 
A better way to model Fermi-level transitions at a temperature T is to 
include the Fermi function in the calculation of the joint density of states, 
J^y(hw), but this is a difficult and expensive calculation to perform. Our 
method is to construct a AJDOS function by varying the Fermi-level. This 
has the effect of approximating the Fermi function, f(T), evaluated at 
T,Ep = 0, by the step function 1 - 9(E) and f(T + AT) by 1/2(2 - 0(E - 5) 
- 9(E - 6)). It is shown in Figure 33 that the qualitative features of 
f(T + AT) - f(T) are retained in the difference of the effective functions, 
l/2(e(E + Ô) + 0(E - 6)) - 0(E). Figure 34 shows that the width of the 
difference of the effective functions, 26, corresponds to a temperature 
of about 3 KgT. 
We obtained the eigenvalues for Nb^Ge and Nb^Al from K. M. Ho (23,56) 
and for V^Ga from B. M. Klein (24). The 35 points were fit with a 20-
function Fourier fit (19,58). DOS plots and Fermi-level determination were 
done for these compounds (Figures 35, 36, 37, 38, 39, 40) and subsequently 
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Figure 33. The Fermi function, f(T), at T and T + AT and the effective 
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Figure 34. Differences in the Fermi function evaluated at two ambient temperatures are compared to 
differences in our effective Fermi function evaluated at two different values of 6. In 
approximating f(T) with fe(<S) it is apparent that 6 represents approximately 3/2 k^T 
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compared to the original work (23,24) in Figures 23, 24 and 32 with good 
agreement. Next, JDOS calculations were performed for the compounds using 
two different values of 6, 150 meV and 40 meV, corresponding to 600K and 
150K. We also note that in obtaining these functions, we used 50 bands 
for NbgAl, 35 bands for NbgGe and 35 bands for V^Ga. 
Analysis of the Thermomodulation Data 
In this section, we will attribute most of the features observed in 
the data in Chapter 3 to Fermi-level transitions. We will correlate 
structure in the AJDOS function, divided by the energy squared, at two 
different temperatures (two different values of 6) with the Acg spectra 
at two different temperatures. In addition to comparing these two quanti­
ties, we will employ the band structure calculations (23,24) to help 
identify the origin of the structure. 
To facilitate viewing the figures, a table (Table 2), of Figures of 
the various functions and spectra for a particular compound is given. 
First, we review the major features of Lz2- For the niobium com­
pounds, NbgGe, Nb^Al and Nb^Ir, we see that ACg structure is dependent 
on the ambient temperature, while in the compound V^Ga, Asg is impercepti­
bly dependent on the ambient temperature. Also, Ae^ and As2 did not, 
for the most part, exhibit strong Drude-behavior below 1.0 eV. 
In reviewing what we already know, we first note that these materials 
are metals. In metals we expect Fermi-level contributions to be more 
important than in semiconductors (11,18) and they are known to exist (17). 
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Table 2. Table listing figure placements of various quantities 
NbgGe NbgAl V^Ga Nb^Ir 
AJDOS 
(5 = 40 meV) 43 41 42 — —  
AJDOS 
(6 = 150 meV) 43 41 42 — — 
=2 16 19 22 20 
Band structure 25,26 26,27 32 —  —  
DOS 35 37 39 
36 
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Figure 41. AJDOS calculation for NbgAl, 6 = 40 raeV, 150 meV. Note the 
ambient temperature dependence 
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Figure 42. AJDOS calculation for VgGa, 5 = 40 meV, 150 meV. Note the 
lack of peak position or sign dependence with the ambient 
temperature 
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In these materials, except for Nb^Ge (24), the DOS at the Fermi-level 
has a high value and structure near Ep, between the equivalent in tempera­
ture of 80K and 300K, V^Ga is different, for Ep is located in a peak with 
no other major peaks in the above energy range about Ep. Band structure 
calculations (23,24) tell us that contributions to the peaks in the DOS do 
not arise at high symmetry points (23), relaxing selection rules. 
A model is now proposed which envisions a simplistic situation, but 
one with correct qualitative features, which describes the dependence of 
the ACg structures on the ambient temperature. The sharp structure in 
the DOS implies flat bands close to Ep. Modeling direct transitions to 
and from the Fermi-level must include four situations (Figure 44). In 
viewing Figure 44, it is evident how different temperatures would alter 
the occupation of flat bands near Ep (about several hundred K) causing the 
ambient temperature-dependent structure. With this model and the previous 
information, structure dependent on ambient temperature would be expected 
for the niobium compounds, which have structure in the DOS near Ep. The 
structure would not be as temperature dependent in V^Ga, which has Ep 
lying in a peak in the DOS but has no peaks between one hundred and several 
hundred K near Ep, even though it would still probably be due to Fermi-
level transitions. 
Comparing the two AJDOS functions of Nb^Ge with the spectra and 
the band structure (23), we notice that the structure at 0.75 eV in the 
data changes sign as does the 0.65 eV peak in the AJDOS. For this 0.65 eV 
peak, we employ cases 2 and 4 (Figure 44) at M (Mg -»• Mg), r, Z 
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Figure 44. The four situations depicting transitions arising from or 
terminating at states near the Fermi-level. It is apparent 
that if the state near Ep is between 5i and Ô2» the state 
can be either occupied or vacant and the condition of occu­
pancy is determined by 6. After studying the diagram, 
cases 1 and 3 (2 and 4) can increase (decrease) AJDOS with 
increasing 5 
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(Zl 3 -+ Z^) and along A (A^ ^ ^ A^) to account for the changes 
seen in the AJDOS in going from 6 = 40 meV to 5 = 150 meV. With 6+ 4 0  m e V ,  
the 0.65 eV structure can be attributed to transitions along A (a^ ->• A^). 
The transitions in parentheses are electric dipole allowed. The 1.3 eV 
peak in ASg (6 = 40 meV, and somewhat obscure at the higher temperature, 
Ô = 150 meV) seen around 1.15 eV in the AJDOS (stronger at 5 - 150 meV 
than at 40 meV) is decreased by mechanisms 1 and 3 at M (Mg M^). The 
1.4 eV peak in the AJDOS (6 = 150 meV) can arise from R (R^ R^ g) (seen 
at 1.7 eV in ACg)- We note that the 0.5 eV peak, which appears to origi­
nate around M, cannot be explained by these mechanisms (Figure 44). This 
could be explained by either flat bands off symmetry lines contributing 
transitions or incorrect eigenvalues. If the eigenvalues are incorrect, 
the effect is similar to changing 5. Other agreement with the AJDOS is 
in the zero crossing around 1.0 eV for the low temperature ACg- Above 
1.5 eV the agreement is not good. 
The ACg spectra of NbyAl are now compared with the calculated AJDOS, 
using the band structures of Pickett (23). When increasing the ambient 
temperature, the Asg spectrum around 1.0 eV is smeared but enhanced 
below 0.75 eV. This trend is in the calculated AJDOS but the agreement is 
not as good as for the other compounds (Nb^Ge and V^Ga). One main 
feature in disagreement is the positive structure at 0.9 eV, found in the 
high temperature AJDOS calculations, but not seen in the experimental 
300K Acg spectra. 
92 
Analysis of the band structure calculation in an attempt to pinpoint 
the origin of the changes seen in the AJDOS is performed in the following 
paragraph. It is also remembered that the agreement between the AJDOS 
and the experimental Lz2 is not extensive. Starting with the enhanced 
0.55 eV peak, we see (Figure 44) Fermi-level transitions like those of 
case 2. A case 2 transition decreases AJDOS with an increase in the 
ambient temperature because the band slightly above Ep is then partially 
occupied. Case 2 transitions occur along A (Ag A^ g), Z (Z^ 
^ "1 4)' ^ A3) and T (T^ 5). The 0.75 eV peak appears to 
result from case 2 transitions along Z -+ Z^), although case 1 transi­
tions, which are not the correct type to decrease AJDOS, are also seen 
along T (Tg -+ Tg). This probably indicates that absorption occurs off 
the symmetry directions. The positive peak at 0.90 eV is attributed to 
case 1 transitions at M Mg) and along T (Tg T^). Case 2 transi­
tions account for the negative structure at 1.05 eV, occurring along 
Z (Zj -> Z^) and S (S^ S^). 
We have not calculated the AJDOS function for Nbglr, but from looking 
at the DOS near the Fermi-level for Nb^Nb (Figure 24), we expect structure 
dependent on ambient temperature. 
A similar comparison for V^Ga reveals no significant changes below 
1.0 eV for either or AJDOS at the different ambient temperatures. 
We do see a peak around 0.7 eV in the AJDOS which could correspond to the 
ASg peak at 0.75 eV. This is still a Fermi-level transition, but because 
of the absence of the fine structure in the DOS about Ep, it is not 
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extremely dependent on the ambient temperature. From the bands, this 
0.75 eV structure has a possible origin along A, Z and Z. Also the zero 
crossing is somewhat in agreement with Acg- There is little structure 
above 1.0 eV and several bands were not included in the AJDOS for calcula­
tions above about 1.5 eV. 
The absence of Drude behavior in Acg below 1.0 eV can be explained 
by dominant Fermi-level interband transitions in this region, along with a 
weak temperature dependence of the relaxation time (resistivity ratios are 
around 2). The Drude part of and Acg is given in Chapter 3 (Eq. 3.10). 
When comparing the slopes of the conductivity spectra, a, in Figure 
10 with the imaginary part of the differential dielectric constant, Acg» 
in Figure 22, we discover a correlation in the structure below 1.5 eV. 
For the other compounds, the 80K Ae2 spectra presented in Figures 16, 18 
and 20 exhibits some correlation with the slope of o (Figure 9) below 
1.5 eV. The higher temperature Acg spectra show little agreement for the 
nobium compounds with the appropriate slopes of a. 
It should also be noted that the rms error of our fits for these 
bands were about 30 meV. Also, the bands were obtained from 35 points in 
the IBz. 
In conclusion, we have demonstrated that DOS structure about the 
Fermi-level (on the order of several hundred K) can account for the 
significant dependence on abmient temperature of the thermomodulation 
spectra for these niobium compounds. In addition, a large DOS at Ep seems 
to be responsible for the 0.75 eV structure in the spectra of VgGa. 
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CHAPTER 5. SUMMARY 
In conclusion, weak, low-energy optical absorption has been observed 
for the seven compounds studied. The niobium compounds had more absorption 
below 0.75 eV than the chromium and vanadium compounds. The chromium and 
vanadium compounds have a characteristic structure between 0.75 eV and 
0.85 eV which was more pronounced than any structure seen in the niobium 
compounds. 
The thermomodulation studies are more interesting. Structure seen 
in the spectra of the niobium compounds is quite dependent on ambient 
temperature, much more so than that of the vanadium compound. These 
calculations (AJDOS) performed at two different ambient temperatures. 
The high density of states in the energy region 40 meV to 150 meV away 
from the Fermi level can qualitatively expalin the dependence of ACg 
on the ambient temperatues for the niobium compounds. These energies 
correspond roughly to lOOK to 600K. The Fermi level lies in a sharp 
peak in the density of states for the compound V^Ga and this peak is 
responsible for the 0.75 eV structure in Acg- However, there is no 
structure about the Fermi level in the density of states for V^Ga and 
consequently there is little ambient temperature dependence in either 
the calculated AJDOS or the experimental Acg. 
A few remaining comments about the analysis should be noted. First, 
the rms error in these calculations for fitting the bands is around 30 meV 
which is comparable to the low energy 6(6 = 40 meV). Second, Ho (59) 
points out that the band structure calculations were performed at OK, 
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and the electron-phonon interaction was left out. For high materials 
this can be important (1,60) and could broaden and shift the bands sig­
nificantly at room temperature, by up to 0.3 eV or 0.4 eV from a simple 
h/Ar calculation. Thus, the ambient temperature dependence could be 
accounted for by this interaction. However, if the experimental spectra 
were due to electron-phonon interaction, the spectra of the compound 
VgGa should be dependent on ambient temperature, and they were not. This 
implies that the electronic band structure near the Fermi level for these 
compounds can qualitatively explain the thermoreflectance spectra. 
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APPENDIX 
The selection rules for optical absorption (electric dipole approxi-
mation) for crystals of the 0^ nonsymmorphic space group are discussed 
in this Appendix. Only part of the selection rules are given (the rules 
worked out were needed in transitions occurring below 1.5 eV), but the 
procedure used in obtaining the selection rules is described, along with 
the character tables and the dipole irreducible representations (irreps) 
for the various symmetry points and lines. 
We begin with a discussion of the 0^ group (20,61). A drawing of the 
unit cell and the Brillouin zone are given in Chapter 1 (Figures 1 and 2). 
3 The 0^ group is a nonsynmorphic group; that is, it has a nonprimitive 
translation 
T = I (i + j + k) (A.l) 
associated with half of the point group operations. The notation used 
for the operations follows Slater (62) and the space group operations are 
given in Table 3. 
Using this notation, we perform a space group operation on a function 
F(r) yielding 
{R^ |a}f(r) = f(R^.r + a) (A.2) 
As an illustrative example, let f(r) = r = Xi + Yj + Zk and 
fRj|a} = with t = |- (i + j + k). 
This gives us 
{Rjgl?} = Zi - Yj - Xk + I (i + j + k). (A.3) 
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3 Table 3. Space group operations for 0^ 
Classes of R 
"l 
R2-R4 
E 
4 R2-R4 
I 
3ic; 
8C3 R5-RI2 8IC. 
'^IS'^IS 6IC4 ^13" ^ 18 6C4 
R19-R24 6IC2 RÎ9-R24 GCg 
Operation x. y, z go to: Operation x. y, z go to: 
fRjlO} x,y,z {RJSIT} -x,z,-y (+T) 
(RglO) x,-y,-z {Riilf} -x,-z,y (+T) 
{R3IO} -x,y,-z ^Risk) -z,-y,x (+T) 
{R4IO} -x,-y,z {Rlglx} z,-y,x (+T) 
{R5IO} y,z,x {R17IT} y,-x,-z (+T) 
{RglO} -y,z,-x {RISIT} -y,x,-z (+T) 
{Ry|0} -y,-z,x {Rigl?} x,z,y (+t) 
{Rg|0} y,-z,-x {Rgg!?} x,-z,-y (+T) 
{RqIO} Z,x,y {R2I1t} z,y,x (+t) 
{R^oIO} -z,-x,y {R22(t} -z,y,-x (+t) 
IRllIO} z,-x,-y {R23IT} y,x,z (+t) 
{R12IO} -z,x,-y {R24IT} -y,-x,z (+t) 
There are 48 space group operations (only 24 are given, the second 
24 operations are obtained by adding the inversion operation to the first 
24 operation^) in the 0^ space group. The first 12 operations are rota­
tions onjy (t = p) while the second 12 include the fractional translation 
T = a/2(i + J + k). 
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The procedure used to calculate the selection rules follows that of 
Bassani and Parravicini (12). Irreps which have dipole symmetries are 
obtained by letting the projection operator p°' (12) operate on the func­
tion r (or components of r) and see if the function is returned 
(p°^r = r). p^ is defined as: 
p" = ^Zpf(R)*{R^)T}, (A.4) 
where a is the particular irrep, h is the number of elements of the 
group, x'^(R) is the character of the irrep a associated with the operation 
R and the summation is taken over all the elements of the group. 
The dipole irreps for the F point and A,  I and A lines are the same 
as the synmorphic cubic case (12). Parts of the character tables for the 
r point and synmetry lines inside the first Brillouin zone (A, A and Z) 
are changed by the multiplication of a phase factor. (The characters 
of the operation associated with the fractional lattice translation, t, 
must be multiplied by a phase factor.) However, when the reciprocal 
lattice vector terminates on the edge of the first Brillouin zone, the 
character tables must be recalculated (12). The fractional translation 
vector splits the dipole irreps for these points and lines on the zone 
boundaries. That is, viewing the dipole as a p state, in performing the 
symmorphic part (a = 0) of the operations on a specific atom, a p^ state 
yields p^, while the nonsymmorphic operations (a = t) on p^ may yield p^. 
Figures 45 and 46 may help clarify this situation. 
Using the projection operator for an M state on the function x (and 
y) illustrates how the fractional translation affects the dipole irrep. 
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Z 
Figure 45. It is shown how a p state oriented along the y direction 
would stay in the y direction under a space group operation. 
{R4 
«4 
Q}, with no associated fractional translation, 
0} being x ^ -x, y + -y, z + z 
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Figure 46. Three chains of A atoms are drawn in three planes of a unit 
cell. The space group operation, which has an 
associated fractional translation, on the x = 0 plane is 
shown- A p state oriented along the y direction will be 
transformed p state oriented along the x direction, associated 
with an atom which could only be reached through the use of 
the fractional translation. The presence of f is seen to 
split the dipole irreps at the zone edge 
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Using A.4 with A.3 and Table 3 for the irrep we find (first for the 
a = 0 operator) 
m. 
p X  =  X  (A.5) 
and for a = x 
m, 
p y = X + 2" - (A.6) 
As shown in Figures 45 and 46, operations associated with x can change 
the orientation of a p state. Table 4 lists the dipole irreps for the 
various symmetry positions. 
Once the dipole irreps are determined, selection rules are calculated 
using 
C(y,a,v) = ^ Z%x(%)*(R)x(*)(R)x(v)(R), (A.7) 
where y and v are irreps of the initial and final states, respectively, 
and a is the irrep of the dipole state. If C = 0, then the transition 
is not allowed; otherwise, it is allowed. A simple selection rule cal­
culation for an to an Mg state using an dipole irrep is given below. 
^10 For an — Mg transition 
, (M,)* (M q) (Mg) 
C(l,10,8) = pX 1 (R)X (R)X ^ (R). (A.8) 
From Table 5, we determine the X^^) values (i.e., X ^ ((R.-jx) = -1, 
(M jq) 
X ({R^|0}) = 2) and find the result 
C(l,10,8) = ^ ((1x1x2) + (1x1x0) + (-Ix-lxO) + (-lx-lx2) + etc.) 
= I • (A.9) 
Therefore, the M^ to Mg transition is allowed. 
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Table 4. Listed below are the various dipole irreps associated with 
the symmetry points and lines of the 0^ group 
Dipole transitions Symmetry point or line 
^12 
AJ.AG A 
MI.MG.MSJMG.MIO M 
A 
R4 R 
^1 s 
TL'T2'T3,T4,TG T 
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Due to the extent of the selection rule calculations (e.g., at the 
M point there are 6 times 10! calculations to perform), part of the selec­
tion rules were not calculated. However, since the procedure for the 
calculations is given along with the corresponding character tables, any 
selection rule can be determined with little effort. In the following 
pages, the character tables and some selection rules are given for the 
various synmetry points and lines (12,16,62,63). 
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Table 5. Listed below is the character table and some selection rules 
for the M symmetry point 
rl rg r3 r4 ^27 ^18 ^23 ^^24 ^1 ^ *^3 ^4 *^17 *^18 *^23 24 
"1 1 1 
r-
H
 
-1 2 2 -1 2 2 2 1 
«2 1 1 -1 1 1 -1 1 1 I 1 
«3 1 1 -1 1 1 1 1 1 1 
"4 1 1 -1 -1 1 1 1 1 1 1 
"5 1 1 -1 1 1 -1 1 1 1 1 
«6 1 1 -1 -1 1 1 -1 1 1 1 1 
«7 1 1 -1 -1 1 1 1 1 1 1 
"8 1 1 -1 1 1 1 1 1 1 
«9 2 0 0 2 0 0 0 0 2 0 0 2 0 0 0 0 
^10 2 0 0 2 0 0 0 0 -2 0 0 -2 0 0 0 0 
Some allowed dipole transitions Some forbidden dipole transitions 
«10 
"9< » "10 
"10 
"1. "4 
«2 "3 
mp G 
mg »_!:!_» mg 
"15 
m5 6-!:!-» mg 
mg f -
"10 
"1,5 <—("s 
"10 
«3 <—. "5 
"6— «8 
"3— "6 
«10^ "3 
2,6 m, 9 < • "3 
1 0 ^  %  
Mg Mg 
mg 
mio i / ) mg 
^5,6*^ ^10,2 
"2 
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Table 6. The character table and all the selection rules of the symmetry 
point R and X are listed below 
*1 *2-
*4 
*5-
*8 
V 
*12 CO
 
w
 1 
*19" 
*24 
*1 *2-
*4 
«5-
% 
*9" 
*12 
*l3" 
*18 
*19" 
*24 
"l 2 2 -1 -1 0 0 0 0 -/3i 0 0 
«2 2 2 -1 -1 0 0 0 0 /3T -/3i 0 0 
"3 2 2 2 2 0 0 0 0 0 0 0 0 
«4 6 -2 0 0 0 0 0 0 0 0 0 0 
Allowed dipole transitions 
*1,2 
*y 
, 3 t  . *4 
*1 *2 *3 *4 *13" 
*14 
*19" 
*20 
*1 *2 *3 *4 *13" 
*i4 
*l9" 
*20 
2 2 0 0 0 0 0 0 2 2 0 0 
*2 2 2 0 0 0 0 0 0 -2 -2 0 0 
^3 2 -2 -2 2 0 0 0 0 0 0 0 0 
& 2 -2 2 -2 0 0 0 0 0 0 0 0 
Allowed dipole transitions Forbidden dipole transitions 
^1 
» Xl 
*3,4 
> X4 
^1 w--»4 
*1 
» X2 
*3,4 
» ^4 
» ^3 > ^4 
^4<-
*1 
> ^4 ^2^ 
^ 1 .  
*3.4 
» 
*3,4 
» 
*3 
*3 
Il l  
Table 7. The character tables and all the selection rules for the 
symetry lines T, Z and S 
«4 ^^23 ^24 R' % ^l7 48 
Tl 1 -1 -a a 1 -1 a -a 
^2 1 -1 -a a -1 1 -0 a a = -exp(inp) 
^3 1 -1 a -a 1 -1 -â a 0 < p £ 1/2 
^4 1 -1 a -a -1 1 a -a 
^5 2 2 0 0 0 0 0 0 
Allowed dipole transitions 
tc 
'5 «- 1,2,3,4 *^1,2,3,4 
Allowed dipole transitions 
^1 ^3 
4 < > ^2 ^2 f—^ ^3 
Z  ^ 2 2  4  2  
^3 < • ^3 ^1 € » 4 
zi z 
^4 t * ^4 ^2 t » ^4 
^1,2,3,4 
^1,2,3,4 * *^5 
Rl R3 R- ^^4 Rl R^g R^ ^20 
Zi 1 1 1 1 
0
 
0
 
0
 
CM 
f-H 
(/
) 
Zg 1 1 -1 -1 Allowed dipole transition 
Z3 1 -1 -1 1 
Z4 1 -1 1 -1 
—> ^1 
Forbidden dipole transitions 
za< / >zo 
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Table 8. Character tables and some of the selection rules for the F 
symmetry point 
r2-r4 r5-r12 rls'^ ls kl9"^24 ^2"^4 '^ 5"'^ l2 ^i9"^24 
^1 1 1 1 
1 1 1 1 1 
^2 1 1 1 -1 1 1 1 -1 
^12 2 2 -1 0 2 2 -1 0 
ri5 3 -1 0 -1 3 -1 0 1 
^25 3 -1 0 1 3 -1 0 -1 
1 1 1 1 -1 -1 -1 -1 
^2 1 1 1 -1 -1 -1 -1 1 
^12 
2 2 -1 0 -2 -2 1 0 
^15 3 -1 0 -1 -3 1 0 -1 
^91; 3 -1 0 1 -3 1 0 1 
Some allowed dipole trans 
r 
ti ons 
15 
^ r 
Some forbidden dipole transitions 
r. 
12 25 
15 
^25 ^ ^ r 12 
15 
^12 ^ ->^15 
:l " 
^25 ^ 
-tV 12 
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Table 9. The character tables and some selection rules for the symmetry 
lines A and A are listed. Parts of the character tables must 
be multiplied by the given phase factor 
«1 R2 «19 «20 «3 «4 «i3 «14 
^1 1 1 03 03 1 1 03 03 Phase factor os  = exp(inp) 
4 1 1 -Û) -03 -1 -1 03 03 
0 £ p £ 1/2 
1 1 -0) 1 1 -03 -03 
1 1 CO 03 -1 -1 -03 -03 Some allowed dipole transitions 
^5  2 -2 0 0 0 0 0 0 A, , 1—» A-! 
Some forbidden dipole transitions 
^2' ao i 4- t# ^ 2 
4^ 
i. 
^2 > < \aj 2<-
rg ^21 ^23 
AÔ 2 <-
^4 
->^2 
->^2 
'5 (-
^1 1 1 1 V V V 
A2 1 1 1 -V -V -V 
4 2 -1 -1 0 0 0 
^1,1't-
Phase factor v = exp(inp3p) 
0 £ p < 1/2 
All the allowed dipole transitions 
an 
'2,2'<-
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Table 10. The character tables and some selection rules for the symmetry 
line Z are listed 
^1 '^ 23 «4 «24 
^1 1 u 1 u Phase factor u = exp(i?2p) 
Z2 1 -u -1 u 0 £ p £ 1/2 
z3 1 u -1 -u 
z. 1 -u 1 -u 
Some allowed dipole transitions 
^1 ^3 
^1 < ) ^1 ^1 4 » ^3 
^1 ^4 
^4 < ) ^4 ^4< »^1 
^1 ^3 
^2 < » ^2 ^2 ( »^4 
^1 
^3 6 > ^3 
Some forbidden dipole transitions 
^2 ^ ^ ^2 
z3 < i > 
